The goal of this investigation was to determine the distribution of myocardial apoptosis in myocytes and nonmyocytes in primates and patients with heart failure (HF). Almost all clinical cardiologists and cardiovascular investigators believe that myocyte apoptosis is considered to be a cardinal sign of HF and a major factor in its pathogenesis. However, with the knowledge that 75% of the number of cells in the heart are nonmyocytes, it is important to determine whether the apoptosis in HF is occurring in myocytes or in nonmyocytes. We studied both a nonhuman primate model of chronic HF, induced by rapid pacing 2-6 mo after myocardial infarction (MI), and biopsies from patients with ischemic cardiomyopathy. Dual labeling with a cardiac muscle marker was used to discriminate apoptosis in myocytes versus nonmyocytes. Left ventricular ejection fraction decreased following MI (from 78% to 60%) and further with HF (35%, P Ͻ 0.05). As expected, total apoptosis was increased in the myocardium following recovery from MI (0.62 cells/mm 2 ) and increased further with the development of HF (1.91 cells/mm 2 ). Surprisingly, the majority of apoptotic cells in MI and MI ϩ HF, and in both the adjacent and remote areas, were nonmyocytes. This was also observed in myocardial biopsies from patients with ischemic cardiomyopathy. We found that macrophages contributed the largest fraction of apoptotic nonmyocytes (41% vs. 18% neutrophils, 16% fibroblast, and 25% endothelial and other cells). Although HF in the failing human and monkey heart is characterized by significant apoptosis, in contrast to current concepts, the apoptosis in nonmyocytes was eightto ninefold greater than in myocytes. myocytes; macrophages; cardiomyopathy; caspase-3 SINCE THE REPORT OF APOPTOSIS in the ischemia-reperfused rabbit heart (17), it has been suggested that apoptosis may be responsible for a significant amount of cardiomyocyte death during the acute and chronic stages of myocardial infarction (MI) (5, 32, 38, 50) . The importance of apoptosis in the pathogenesis of heart failure (HF) has also been emphasized in both animal models and humans (1, 11, 13, 16, 18, 29, 32, 42, 44, 50) . Further evidence supporting an important role for apoptosis in left ventricular (LV) dysfunction and HF comes from studies of coronary artery occlusion (CAO) and reperfusion (6, 34, 36) . Conversely, other studies, using transgenic or knockout mice, have found that the inhibition of apoptosis results in a reduced infarct size and in the maintenance of LV function (9, 20, 23, 27, 28) . Therefore, it has been suggested that apoptosis plays an adverse role in LV remodeling and contributes to the development of HF after chronic MI (1, 5, 18, 35, 37, 38, 42) . Although most studies of apoptosis have focused on the infarct area in the central ischemic zone (1, 5), others have observed apoptosis in adjacent and remote myocardium (1, 5, 33, 34, 41) . It is tacitly assumed that apoptosis in myocytes may ultimately diminish the number of contractile elements in the heart, resulting in LV dysfunction and HF. In view of the fact that 75% of the cells in the heart are nonmyocytes (21), it is not unreasonable to expect that apoptosis may also occur in these cells, as well as in myocytes. We tested this hypothesis both in a nonhuman primate model of chronic HF, induced by rapid pacing initiated 2-6 mo following MI, and also in myocardial biopsies from patients with HF.
myocytes; macrophages; cardiomyopathy; caspase-3 SINCE THE REPORT OF APOPTOSIS in the ischemia-reperfused rabbit heart (17) , it has been suggested that apoptosis may be responsible for a significant amount of cardiomyocyte death during the acute and chronic stages of myocardial infarction (MI) (5, 32, 38, 50) . The importance of apoptosis in the pathogenesis of heart failure (HF) has also been emphasized in both animal models and humans (1, 11, 13, 16, 18, 29, 32, 42, 44, 50) . Further evidence supporting an important role for apoptosis in left ventricular (LV) dysfunction and HF comes from studies of coronary artery occlusion (CAO) and reperfusion (6, 34, 36) . Conversely, other studies, using transgenic or knockout mice, have found that the inhibition of apoptosis results in a reduced infarct size and in the maintenance of LV function (9, 20, 23, 27, 28) . Therefore, it has been suggested that apoptosis plays an adverse role in LV remodeling and contributes to the development of HF after chronic MI (1, 5, 18, 35, 37, 38, 42) . Although most studies of apoptosis have focused on the infarct area in the central ischemic zone (1, 5) , others have observed apoptosis in adjacent and remote myocardium (1, 5, 33, 34, 41) . It is tacitly assumed that apoptosis in myocytes may ultimately diminish the number of contractile elements in the heart, resulting in LV dysfunction and HF. In view of the fact that 75% of the cells in the heart are nonmyocytes (21) , it is not unreasonable to expect that apoptosis may also occur in these cells, as well as in myocytes. We tested this hypothesis both in a nonhuman primate model of chronic HF, induced by rapid pacing initiated 2-6 mo following MI, and also in myocardial biopsies from patients with HF.
METHODS
Monkey model of HF following chronic MI. Twenty 3.4 -9.5-yr-old male monkeys (Macaca fascicularis) were assigned to one of three groups: chronic MI with and without HF or sham-operated controls. Monkeys were fed a standard primate diet containing 5 to 6% fat, 18 to 25% protein, and 0.2 to 0.3% sodium chloride as previously described (3). All monkeys had normal laboratory values for fasting plasma glucose, cholesterol, and triglycerides. This study was approved by the Institutional Animal Care and Use Committee and the Institutional Review Board at the New Jersey Medical School.
After 1 mo quarantine, animals were tranquilized with ketamine hydrochloride (2 to 3 mg/kg im) and then anesthetized with isoflurane (1.0 to 2.0 vol/100 ml in oxygen) and were instrumented for measurements of LV hemodynamics as we have reported previously (3, 4, 43) . Tygon catheters were implanted in the descending aorta and left atrium for pressure measurements. A miniature solid-state pressure gauge (Konigsberg Instruments; Pasadena, CA) was inserted into the LV through the apex for measurements of LV pressure and the first derivative of LV pressure. After that, the mid-left anterior descending coronary artery and its branches were occluded to induce MI. For the MI group, myocardial tissue samples were obtained after 2 mo of MI. For the MI ϩ HF group, rapid ventricular pacing, at a rate of 270 beats/min, was initiated after 2-6 mo of MI and continued until the development of HF, at which point tissue samples were obtained.
To measure LV function, transthoracic echocardiography was performed in monkeys using ultrasonography (Sequoia C256; Acuson, Malvern, PA) with a 13-MHz annular array transducer. Measurements of the LV end-diastolic diameter were taken at the time of the apparent maximal LV diastolic dimension, whereas measurements of the LV end-systolic diameter were taken at the time of the most anterior systolic excursion of the posterior wall. LV ejection fraction (LVEF) was calculated as LVEF ϭ [(LV end-diastolic diameter) 3 Ϫ (LV end-systolic diameter) 3 ]/(LV end-diastolic diameter) 3 . Cardiomyopathy and HF in patients. All LV biopsies were collected in patients with nonischemic cardiomyopathy at the time of clinically indicated cardiac catherization; informed consent was obtained from all patients. The biopsies were fixed in 10% formalin and embedded in paraffin. DNA fragmentation was detected in situ by using terminal deoxynucleotide transferase-mediated dUTP nick end labeling (TUNEL). The apoptotic rate was expressed as the percentage of TUNEL-positive cells per nuclei.
Evaluation of apoptosis. Tissue samples were collected from the adjacent and remote areas of the myocardium. Samples of the LV were fixed by immersion in 10% formalin and embedded in paraffin. To have a representative quantification of apoptosis, serial 6-m sections were cut. Sections 300 m apart (3 sections per monkey) were analyzed.
Apoptosis was detected by TUNEL. The procedure was performed using an in situ cell death detection kit (Roche) according to the manufacturer's instructions. Briefly, deparaffinized sections were treated with proteinase K (20 g/ml; Sigma-Aldrich) for 30 min and DNA fragments labeled with biotin-conjugated dUTP and terminal deoxyribonucleotide transferase for 1 hr at 37°C and visualized with Streptavidin Alexa fluorescent-dye conjugates (IgG, green, dilution, 1:500; Invitrogen). Sections were mounted using Vectashield mounting medium containing 4,6-diamidino-2-phenylindole (DAPI). Fig. 1 . The increase of apoptosis after chronic myocardial infarction (MI) and after MI ϩ heart failure (HF). A: representative examples of the staining used to discriminate apoptosis in myocytes from nonmyocytes (left). Myocytes were stained with cardiac troponin I (TnI) (green; A, right, top) and counterstained with rhodamine wheat germ agglutinin (WGA; red; A, right, bottom). Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI; blue). A, middle: merged image. B: quantification of apoptosis in myocytes and nonmyocytes in adjacent and remote regions. In all conditions, the increase in apoptosis was greater in nonmyocytes than myocytes. Sham-operated (n ϭ 6), MI (n ϭ 5), MI ϩ HF (n ϭ 9) monkeys are represented. TUNEL, terminal deoxynucleotide transferase-mediated dUTP nick end labeling. *P Ͻ 0.05, nonmyocytes vs. myocytes; †P Ͻ 0.05, compared with MI vs. MI ϩ HF. These sections were obtained from myocardium sufficiently distant from the chronic infarct, so that myocyte structure remained intact and cardiac troponin I could be used as a marker for the myocytes.
Apoptosis was also evaluated by immunostaining for the cleaved form of caspase-3 (12, 52) . For this, antigen retrieval was performed by immersing the sections in 10 mM citrate buffer (pH 6.0) and boiling under pressure for 30 min. Endogenous peroxidase activity was quenched by an incubation of 3% H 2O2 in methanol for 10 min, and 5% serum was used for blocking nonspecific binding. Monoclonal antibody against the cleaved form of caspase-3 (5A1E, dilution 1:400; Cell Signaling) was used for detecting apoptosis. After an overnight incubation with the primary antibody, the sections were incubated with goat anti-rabbit IgG conjugated to biotin (Vector), followed by peroxidase-conjugated streptavidin (Vectastatin Elite ABC peroxidase kit, Vector), amplification with TSA Biotin system (Tyramide Signal Amplification, PerkinElmer Life and Analytical Sciences), and detection by Streptavidin Alexa fluorescent-dye conjugates (IgG, green; Invitrogen).
To discriminate apoptosis in nonmyocytes and myocytes, the tissue sections were dual stained for the cleaved form of caspase-3 and either counterstained with rhodamine-conjugated wheat germ agglutinin (WGA) (Vector) or with an antibody against cardiac troponin I (clone2D5; Lab Vision). WGA stains all cell membranes, allowing for a discrimination of myocytes and nonmyocytes based on cell size, myocytes being the largest cells present in myocardium. In addition, in LV myocytes, the pattern of WGA staining not only was seen at the outer membrane but also followed a striated pattern in longitudinal sections (Fig. 1A, left) . To confirm the identity of myocytes stained by WGA, the sections were double stained with WGA and troponin I, which is a specific antibody for human cardiac troponin subunit I. Representative WGA/troponin I images are shown in Fig. 1A , right. The glycocalyx of the sarcolemma, both at the lateral surface and intercalated disk region, was clearly stained with WGA (red), and immunolabeled troponin I (green) was confined to myocytes. The merged image (Fig. 1A, middle) shows the complete match of WGA and troponin I staining of myocytes. The total field area (in mm 2 ) of the slide was measured using the trace function in ImageProPlus (Media Cybernetics). Results are expressed as the number of positive cells per squared millimeters.
Immunohistochemical staining for identification of nonmyocytes. For the identification of nonmyocyte cell types, serial tissue sections were immunostained with the following antibodies: monoclonal antibody to macrophage (clone HAM56) (dilution 1:20; Novus Biologicals) for macrophages, neutrophil elastase (clone NP57) (dilution 1:50; DAKO) for neutrophils, heat shock protein 47 (dilution 1:50; Stressgen) for fibroblasts, and CD31 (platelet endothelial cell adhesion molecule 1) (clone 1A10, dilution 1:100; Zymed) for endothelial cells. Primary antibodies were detected by Streptavidin Alexa fluorescent-dye conjugates (Invitrogen): Alexa 555 (IgM), Alexa 594 (IgG), and Alexa 488 (IgG). Apoptotic nonmyocytes were detected by dual staining with cleaved caspase-3 or by TUNEL assay.
Statistics. All data are expressed as means Ϯ SE. Comparisons between apoptotic nonmyocytes and myocytes were made using the Student's t-test. For statistical analysis of data from multiple groups, ANOVA was used. P Ͻ 0.05 was taken as a minimal level of significance.
RESULTS
Chronic MI ϩ HF monkey model. Following 2-6 mo of CAO-induced MI, LV function was already depressed, as reflected by a rise in LV end-diastolic pressure and a decrease in LVEF (Table 1) . With a superimposition of pacing, severe HF developed, characterized by a further increase in LV end-diastolic pressure and a decrease in LVEF, which fell from 78 Ϯ 8% in the sham-operated animals to 60 Ϯ 4% following MI and further in HF (35 Ϯ 5%, P Ͻ 0.05) ( Table 1) .
Apoptosis in adjacent and remote myocardium. Significant increases in total apoptosis occurred following chronic MI and increased further after HF developed. There was significantly more total apoptosis in the area adjacent to the infarct compared with the remote myocardium (P Ͻ 0.05, Fig. 1B) . However, the rates of apoptosis in the adjacent myocardium, in both myocytes and nonmyocytes, in MI and MI ϩ HF were greater than in controls. In the adjacent myocardium in MI ϩ HF, we observed a significantly greater (8- 2 ) (n ϭ 9). The nonmyocytes were characteristically smaller than myocytes (Fig. 1) . The quantitation of the total apoptotic cells and the percentage of nonmyocyte apoptosis in sham-operated, MI, and MI ϩ HF monkeys are shown in Fig. 1B and Table 2 , respectively.
Immunostaining for the cleaved form of caspase-3 in adjacent and remote myocardium of MI ϩ HF. Apoptosis, assessed by cleaved caspase-3 staining, was similar to data described for TUNEL, i.e., the majority of apoptosis occurred in nonmyocytes ( Fig. 2A, right) . The results between TUNEL and cleaved caspase-3 immunostaining show a strong positive correlation (Fig. 2B, left) . Representative TUNEL-and cleaved caspase-3-positive cells are shown in Fig. 2B, right. A representative immunohistochemical image of double staining with cleaved caspase-3 and WGA is shown in Fig. 2A, left. Characterization of nonmyocyte apoptosis. Representative images of nonmyocytes in MI ϩ HF are shown in Fig. 3C . We then determined the cell types of the apoptotic nonmyocytes. The percentage of apoptotic macrophages among total apoptotic nonmyocytes was 41% (n ϭ 9) in the adjacent area (Fig.  3D ) and 35% (n ϭ 9) in the remote area. Representative apoptotic macrophages are shown in Fig. 3A . The percentage of apoptotic neutrophils among total TUNEL-positive nonmyocytes was 18%, and apoptotic fibroblast among total cleaved caspase-3-positive nonmyocytes was 16% in the adjacent area. 
Data from patients with HF.
Biopsies from four patients with congestive cardiomyopathy and HF were examined. These patients had reduced LVEF (26 Ϯ 7%) and high LV end-diastolic pressure (26 Ϯ 7 mmHg), indicative of HF. In these biopsies, we also observed that the apoptotic rate was greater in nonmyocytes than in myocytes, although sufficient tissue was not available to permit identification of the nonmyocyte cell types. Representative images of apoptotic nonmyocytes in patients with HF are shown in Fig. 4A . The percentage of TUNEL-positive cells per nuclei was 0.66 Ϯ 0.16% in nonmyocytes and 0.25 Ϯ 0.09% in myocytes in the adjacent myocardium (P Ͻ 0.05) (n ϭ 4) (Fig. 4B) .
DISCUSSION
Since the initial studies demonstrating both increased apoptosis following MI (17) and increased apoptosis with HF (29) , it has generally been assumed that apoptosis following chronic CAO leading to remodeling and HF occurs in myocytes. Some investigators have suggested that myocyte apoptosis is a critical step in the development of HF (32, 39, 42, 48, 51 ).
Knowing that 75% (by cell number) of cells in the heart are nonmyocytes (21), we tested the hypothesis that apoptosis following chronic MI may not necessarily occur only in myocytes. Although numerous studies have found that apoptosis is increased following chronic MI (34, 36) or during the development of HF (10, 26, 32, 35, 38, 51) , the prior studies identifying apoptosis in adjacent and remote myocardium following chronic MI indicated that the cell types were myocytes (2, 34, 36, 38) . Our goal was to examine this in a primate model of chronic MI resulting in HF, since it is physiologically closer to patients than rodents, and confirm our data in myocardial biopsies from patients with HF. Nonmyocyte apoptosis has also been observed in other cardiovascular models that do not involve HF, e.g., acute ischemia and reperfusion (15, 40) and atherosclerosis (7) .
The primate model of MI ϩ HF, a model physiologically close to patients, was induced by a permanent occlusion of the mid-left anterior descending coronary artery, which resulted in chronic MI and cardiac decompensation, and was then followed 2-6 mo later by rapid pacing to induce severe HF. This novel experimental model of HF could be important for studies examining the pathogenesis of HF or its relief by therapeutic interventions.
In this model, we confirmed the findings of others that total apoptosis increased in MI and increased significantly further following the superimposition of HF. However, the major new finding of this study, and indeed a critical point, is that the majority of the apoptosis occurred in nonmyocytes. This observation challenges the general assumption that the develop- green) . B: quantification of apoptotic rate (in %). The percentage of TUNEL-positive nonmyocytes was greater than that of myocytes (*P Ͻ 0.05) in the human cardiomyopathy tissue, similar to that observed in the monkey HF model (Fig. 1) . ment of HF following chronic MI involves only apoptosis of myocytes resulting in fewer contractile elements. We do not challenge the concept that apoptosis may be important in the development of HF, following chronic MI, but rather that its role may be different due to the fact that the majority of apoptosis occurs in nonmyocytes. A few other studies have noted that nonmyocytes underwent apoptosis following CAO, but these studies focused on the infarcted area after acute or chronic MI (19, 46) . Many of the prior studies examined the role of apoptosis in scar formation (26, 47) . For example, it was reported that the proportion of TUNEL-positive macrophages was 29.4% among TUNEL-positive interstitial cells in the infarcted area at 4 wk after MI (46) . One study, which examined apoptosis in an experimental model of HF, observed that only a small fraction (roughly 10%) of apoptosis occurred in nonmyocytes (8) .
The next goal of the current investigation was to determine the apoptotic cell types of nonmyocytes in the adjacent and remote myocardium following chronic MI and the development of HF. We found that the increased apoptosis in nonmyocytes occurred in a variety of cell types, was most abundant in macrophages, but was also observed in fibroblasts, neutrophils, and endothelial cells. It is also possible that a small fraction of the apoptotic cells could be stem cells or newly formed myocytes in the heart, since they would also be smaller than adult myocytes (25) . It is known that nonmyocytes may play an important role in cardiac remodeling following MI (2, 30, 31, (45) (46) (47) , and the increased activity of nonmyocytes, especially macrophages and granulocytes, could be beneficial in this setting (19, 47) . The role of macrophages in the remodeling process following chronic MI and the development of HF are well recognized (22, 24) . The depletion of macrophages using clodronate-containing liposomes impairs wound healing after myocardial cryoinjury (47) , suggesting the necessity of macrophages for healing. Conversely, the injection of activated macrophages into the ischemic myocardium after acute MI improved LV remodeling and preserved LV function (24) . Therefore, the infiltration of macrophages and other interstitial cells appears to exert a beneficial effect on remodeling following chronic MI, and apoptosis might be considered to have a negative impact on this process. However, since these cells have a relatively short life span in the heart after MI (49) and since apoptosis is a natural mechanism for their elimination (14, 46) , the increased apoptosis of these cells would be expected as a natural consequence of their short life span.
In summary, the results of the current investigation require a rethinking of the role of apoptosis in the development of HF, particularly since it occurs predominantly in nonmyocytes. This was observed in patients with cardiomyopathy and HF as well as in a primate model of HF. Thus the mechanism of cardiac dysfunction in HF is not simply due to a loss of contractile elements through apoptosis in adjacent and remote myocardium. Rather, the HF is likely due most importantly to the extent of MI-induced necrosis and scar formation with secondary complex contributions from remodeling.
